initial research on the spread of cane toads (Rhinella marina) through tropical Australia reported a high incidence of spinal arthritis (spondylosis) in toads at the invasion front (where toads disperse rapidly), but not in areas colonized earlier (where toads are more sedentary). the idea that spondylosis was a cost of rapid dispersal was challenged by wider spatial sampling which linked rates of spondylosis to hot (tropical) climates rather than to dispersal rates. Here, the authors of these competing interpretations collaborate to reinterpret the data. our reanalysis supports both previous hypotheses; rates of spondylosis are higher in populations established by fast-dispersing toads, and are higher in tropical than in temperate environments; they are also higher in larger toads. the functional reason for climatic effects is unclear, but might involve effects on the soil-living bacteria involved in the induction of spondylosis; and/or may reflect higher movement (as opposed to dispersal) or more pronounced dryseason aggregation rates of toads in tropical conditions.
Following their release in northeastern Australia in 1935, cane toads dispersed at increasing speeds to the west (through the tropics) [1] [2] [3] [4] . This dramatic acceleration of rates of dispersal was accompanied by changes in many phenotypic traits [5] [6] [7] [8] [9] . In 2007, spondylosis (enlarged lesions on the spinal column, associated with the bacterium Brucella [Ochrobactrum] spp.) appeared to be more common in cane toads at the tropical invasion front than in conspecifics from longer-colonized areas (where the invasion was moving less rapidly at the time of toad arrival) 1, 2, 10 . The apparently high incidence of spondylosis at the invasion front (and especially in large, long-legged individuals) was attributed to the high dispersal rates of such animals.
That interpretation was challenged by Bower et al. 3 , based on an analysis of >2,400 field-collected toads from 25 sites spanning the species' Australian invasion range. Bower et al. 3 reported a strong positive association between spondylosis and latitude, and a weak negative correlation between the prevalence of spondylosis and year of population establishment; and concluded that overall, spondylosis in cane toads may be driven by local climatic factors (as reflected by latitude) rather than by invasion history. The two sets of authors have now joined forces to reinvestigate the large data set of Bower et al. 3 , and specifically to resolve the contrasting conclusions that rates of spondylosis are either correlated with population dispersal rates 1,2 or latitude 3 .
Methods and Results
Statistical analyses. We excluded one outlier 11 : a small sample (20 toads) from Hughenden in western Queensland, midway through the current invasion range, that had a prevalence of spinal arthritis more than double that of any other population, and five times higher than the mean prevalence across all populations. Excluding this sample did not qualitatively modify any of our conclusions. Unlike the original analysis, we also included site (i.e., sampling location) as a random variable. Importantly, we also recoded one variable. Although Bower et al. 3 used "date since population establishment" as a proxy for invasion speed, the hypothesis that spondylosis is induced by rapid dispersal invokes invasion speed rather than "time since toad arrival" as the critical factor. The correlation between arrival times and invasion speeds is non-linear in tropical Australia (because the rate of toad dispersal has accelerated dramatically 4 ) and non-existent at the southern invasion front (where toads of all populations disperse slowly 4 ). To test the putative link between dispersal rate and spondylosis, we should examine the relationship between the prevalence of spondylosis and rates of dispersal at the time that toads arrived at each site. www.nature.com/scientificreports www.nature.com/scientificreports/ Such rates decline post-invasion 12 , but the genetics of each population will be strongly influenced by the attributes (including, dispersal-relevant traits) of their founders 13 .
We extracted data on rates of toad dispersal at the time each population was founded from the analyses of this trait by Urban et al. 4 . We fit a generalized linear mixed model using the function glmer from package lme4 in R 14 that included the presence or absence of spondylosis as a binomial response, and snout-urostyle length, latitude, our estimates of speed of movement at time of toad arrival, all two-way interactions between these covariates, and their three-way interaction as independent variables. Each of the independent variables was column-standardized (Z i = [X i − (mean of all X i )]/SD of all X i ) to place them on a common scale. The model also included site as a random effect.
An ANOVA (using the function Anova from package car 15 ) indicated that all three of the main effects and the interaction between snout-urostyle length and invasion speed were significant; geographic variation in the prevalence of spondylosis was strongly linked to all three variables that have been suggested as predisposing toads towards this crippling condition. First, spondylosis was more common in larger toads (main effect of snout-urostyle length, χ 2 = 12.597, 1 df, P = 0.0004; Fig. 1a ), as reported by both previous analyses. Spondylosis was also more common at lower latitudes (more tropical sites) than in higher-latitude (temperate-zone) sites (main effect of latitude, χ 2 = 11.231, 1 df, P = 0.0008; Fig. 1b ). Finally, spondylosis was more common in populations that had been founded by faster-dispersing toads (main effect of speed at time of arrival, χ 2 = 8.279, 1 df, P = 0.0040; Fig. 1c ), as reported by Brown et al. 1 and Shilton et al. 2 , but opposite to the pattern reported by the Bower et al. paper 3 . In addition, after controlling for latitude, the effect of body size on spondylosis was highest among toads from populations founded by faster-dispersing individuals (interaction between snout-urostyle length and speed, χ 2 = 4.164, 1 df, P = 0.0414). That is, the increased incidence of arthritis in toads from faster-moving populations was most evident among the largest individuals.
Discussion
The link between spinal arthritis and body size is straightforward; large toads are older and thus have had longer to develop this condition; and also, a larger body places more stress on the spinal column 2, 16 . Similarly, we expect higher rates of spondylosis in more active (e.g., rapidly dispersing) individuals (as seen in degenerative forms of arthritis 17 ), consistent with the original speculations about the causation of this trait. The causal link between spondylosis and tropical conditions is more ambiguous, however plausible possibilities include:
(1) conditions in tropical regions may be more favourable for proliferation or transmission of microbes and pathogens [18] [19] [20] , such as the bacterium (Brucella spp.) that has been implicated in causing the disease 2,10 ; (2) toads move around more in tropical climates than in cooler ones, thereby placing more stress on their spines even if their overall net rates of dispersal (displacement from the original point over time) is low 21 ; (3) the tropical dry-season may force toads to aggregate in moist locations within the arid landscape 22-24 , promoting bacterial transmission; and/or (4) immune investment and responses may differ between individuals inhabiting tropical versus temperate climates 25 , modifying susceptibility to the pathogenic effects of Brucella infection.
In summary, a reanalysis of the extensive dataset collected by Bower et al. 3 reinforces some of their conclusions, but changes others. The accumulating evidence of spatial variation in spinal arthritis in cane toads provides fascinating insights into the challenges posed by a biological invasion, and testifies to the advantages of collaboration between "competing" groups in clarifying the multifactorial underpinnings of biological phenomena.
